Study design: An in vivo study using a spinal cord compression model in rats. Objectives: To evaluate the effect of adenosine on thermal hyperalgesia after spinal cord injury (SCI). Summary of background data: After SCI, some patients suffer dysesthesia that is unresponsive to conventional treatments. We previously established a rat thoracic spinal cord mild-compression model by which we were able to induce thermal hyperalgesia in the hind limbs. Methods: The thoracic spinal cord was compressed gently using a 20-g weight for 20 min. The withdrawal latency in response to thermal stimulation was monitored bilaterally in the hind limbs using Hargreaves' Plantar test apparatus. Results: SCI-induced thermal hyperalgesia was mimicked by the intrathecal application of 8-cyclopentyl-1,3-dipropylxanthine (DPCPX), a selective adenosine A1 receptor antagonist. Hyperalgesia induced by SCI was significantly inhibited by the intrathecal application of 10-30 nmol chloro-adenosine (Cl-adenosine), a nonselective adenosine receptor agonist. The effect of Cl-adenosine (10 nmol) on hyperalgesia after SCI was blocked by the simultaneous application of DPCPX. Intrathecal application of R(À)N6-(2phenylisopropyl) adenosine (R-PIA; 10 nmol), a selective A1 receptor agonist, also inhibited SCI-induced hyperalgesia. In contrast, intrathecal application of CGS21680, a selective adenosine A2a receptor agonist, did not inhibit SCI-induced hyperalgesia. Conclusions: These results suggest that adenosine inhibits hyperalgesia through the stimulation of A1 receptors. Adenosine or adenosine A1 receptor agonists should be considered as candidates for new therapeutic methods for treating post-SCI dysesthesia.
Introduction
After spinal cord injury (SCI), severe sensory disturbances occur, accompanied by motor deficiencies. Some patients with SCI complain of feeling several kinds of pain sensations. Allodynia, hyperalgesia and continuous spontaneous pain are typical chief complaints. 1 Along with other types of neuropathic pain, spinal cord damage-induced pain is usually unresponsive to conventional treatments. The pain sensations are believed to be controlled by a balance between excitatory and inhibitory signals. The typical stimulatory signaling molecules are glutamate 2, 3 and substance P, 4 and the inhibitory signaling molecules are serotonin, 5 noradrenaline 6 and GABA (g-amino-butyric acid). 7 Adenosine, an endogenous neuromodulator, controls neuronal membrane potential through adenosine receptors. One of the actions of adenosine receptors is hyperpolarization of the cell membrane that inhibits the excitation of neurons. 8 Several previous studies have shown that intrathecal adenosine receptor agonists inhibit pain behavior after peripheral nerve injuries such as L5-L6 spinal nerve ligation, 9 sciatic nerve ligation, 10 intrathecal strychnine injection, 11 intrathecal administration of excitatory amino acids or substance P 12 and photochemical SCI through laser irradiation. 13 Until now, there has been no reported evidence of anti-hyperalgesic action of adenosine receptor agonists after mechanical spinal cord compression injury. The purpose of this study was to examine the effect of adenosine on hyperalgesia after a spinal cord compression injury.
Materials and methods

Animals
Female Wistar rats (Clea Japan, Tokyo, Japan), 250 g, were used for this study. Swartz et al. 14 reported that the outcome of motor function after SCI in female rats was better than that in males. They also reported that the difference of outcome was not dependent on estrogen. We thought that gender difference may affect the mortality of the animals, and that female rats would be suitable for evaluation of sensory abnormality after SCI. When we observed the threshold against heat stimulation in normal and the sham animals, no changes in threshold was observed within 7 days, 5 suggesting that estrous cycle did not affect pain sensation in this study. Therefore, we used female rats in this experiment. The experiments were performed according to the ethical recommendations of the Committee for Research and Ethical Issues of the International Association for the Study of Pain. 15 The research protocol was accepted by the Ethical Committee for Animal Experiments of Ehime University (Ehime, Japan).
Spinal cord mild-compression model (SCI model)
Under general anesthesia using halothane, the rat spinal cord was carefully exposed by removing the vertebral lamina at the eleventh vertebra. Direct compression was performed using a 20-g weight, which consisted of very soft and rounded silicone at the point that made contact with the dura. The weight was gently placed on the thoracic spinal cord extraduraly for 20 min (SCI). We did not observe any serious damage, such as hyperextension, paresis of the hind limbs or histological hemorrhage accompanied by tissue destruction, at the point of compression. In some experiments, a laminectomy of the eleventh vertebra was performed without spinal cord compression (sham). In another set of experiments, the compression period was lengthened from 10 to 60 min. At 3 days after SCI, the animals were subjected to a pain evaluation.
Drugs
Chloro-adenosine (Cl-adenosine), a nonselective adenosine receptor agonist (1-100 nmol per 10 ml; Research Biochemicals Inc., Natick, MA, USA), and R(À)N6-(2phenylisopropyl) adenosine (R-PIA), a selective adenosine A1 receptor agonist (10nmol 10ml -1 ; Research Biochemicals Inc.) were dissolved in phosphate-buffered saline. 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX), a selective adenosine A1 receptor antagonist (10 mg 10 ml ; TOCRIS), were dissolved in dimethyl sulfoxide and diluted with phosphate-buffered saline. The doses of all agonists except Cl-adenosine were decided according to previous papers 10, 13 that described intrathecal application. Antagonists were used at relatively high concentrations compared with agonists to achieve adequate blockade of the receptors.
Intrathecal application of drugs
All drugs (adenosine receptor agonists and antagonists) were applied intrathecally at 1 h before the pain measurements were taken. Intrathecal administration was performed under general anesthesia using halothane. Drug solutions were injected in 10 ml volumes into the subarachnoid space through the intervertebral foramen between L3 and L4 using a 27-gauge needle connected to a microsyringe with polyethylene tubing. The vehicle animals (SCI without drugs) and the control animals (no SCI) received 10 ml phosphate-buffered saline intrathecally at 1 h before the pain measurements.
Evaluation of thermal hyperalgesia
To evaluate the withdrawal threshold in response to thermal paw stimulation, we used Hargreaves' plantar test apparatus (Ugo Basile, Varese, Italy). Rats were placed on a 2-mm thick glass floor, and a mobile infrared heat generator with an aperture of 10 mm in diameter was aimed at the rat's hind paw from beneath the floor. When the rats felt pain and withdrew their paw, the power was shut off and the reaction time (the withdrawal latency of the paw) was recorded automatically. Shortened withdrawal latencies in response to thermal stimulation were considered to indicate thermal hyperalgesia. Experiments were performed in a quiet room. The temperature of the glass floor was kept at 22.5-23.5 1C.
Measurements of paw withdrawal latency began after the animals were placed in the box and were confirmed to be sitting still. The measurements were repeated three times at 5-min intervals on each paw. The averages of the three measurements were used as data. The data of the sham or normal animals were obtained in each series of the measurements to exclude the bias of measurement conditions (temperature and brightness of the room). Data of the drug application (Figures 4-8 ) are expressed as percentages of that in the sham animals (%Sham, the mean ± s.e.m.).
Data analysis
For statistical analysis of the data, an analysis of variance followed by Fisher's protected least significant difference test was used. All statistical analyses were performed using the actual withdrawal latencies.
Results
In the normal rats that did not undergo an operation, hyperalgesia was induced by the intrathecal application of 10 mg DPCPX, a selective antagonist of the adenosine A1 receptor (Figure 1 ). On the other hand, intrathecal application of 10 mg ZM243185, a selective antagonist of the adenosine A2a receptor, did not change the withdrawal latency ( Figure 2 ). These results suggest that continuous stimulation of A1 receptors by endogenous adenosine suppresses activity of the pain pathway under normal physiological conditions. Figure 3 shows the effect of the duration of compression on thermal hyperalgesia. At 3 days after injury, significant heat hyperalgesia was observed in the hind paws of rats that underwent compression for 20 min (SCI), whereas rats that underwent 10, 40 and 60-min periods of compression did not experience significant hyperalgesia compared with the sham animals (0-min compression). As significant hyperalgesia was only observed in the 20-min compression group, we evaluated the effect of drugs only in these animals. Hyperalgesia induced by SCI was significantly inhibited by the intrathecal application of 10 nmol Cl-adenosine, the nonselective adenosine receptor agonist (Figure 4 ). Figure 5 shows the dose-dependent effect of Cl-adenosine on SCI-induced hyperalgesia. Cl-adenosine significantly inhibited SCI-induced hyperalgesia at concentrations between 10 and 30 nmol. The effect of Cl-adenosine (10 nmol) on hyperalgesia after SCI was blocked by the simultaneous application of DPCPX ( Figure 6 ). This result suggests that the anti-hyperalgesic action of Cl-adenosine is mediated by the stimulation of A1 receptors. Intrathecal The inhibitory effect of Cl-adenosine on SCI-induced hyperalgesia. At 3 days after performing compression for 20 min, the threshold of response to heat stimulation was evaluated with or without intrathecal application of Cl-adenosine. Thermal hyperalgesia thresholds (withdrawal latency) were measured at 1 h after injection. Data are expressed as percentages of that in the sham animals (%Sham, the mean ± s.e.m. (n ¼ 6)). The thermal hyperalgesia threshold in the rats that received intrathecal Cl-adenosine (10 nmol) was significantly (**Po0.01) higher than that in the vehicle rats. Adenosine reduces pain after spinal cord injury H Horiuchi et al application of R-PIA (10 nmol), the A1 receptor agonist, inhibited SCI-induced hyperalgesia (Figure 7) . On the other hand, intrathecal application of CGS21680, the selective adenosine A2a receptor agonist, did not inhibit SCI-induced hyperalgesia (Figure 8 ). These results suggest that adenosine inhibited SCI-induced hyperalgesia through the stimulation of A1 receptors. Thermal hyperalgesia thresholds (withdrawal latency) were measured at 1 h after the injection of CGS21680. Data are expressed as percentages of that in the sham animals (%Sham, the mean ± s.e.m. (n ¼ 6)). Intrathecal application of 10 nmol CGS21680, a selective adenosine A2a receptor agonist, did not affect SCI-induced hyperalgesia.
Adenosine
Discussion
After SCI, residual sensory abnormalities often interfere with the patient's daily activities. 16 In the experimental neuroscience fields, mechanical allodynia and thermal hyperalgesia have been evaluated as sensory abnormalities after several types of nerve injuries. However, a model for testing sensory abnormalities after experimental SCI has not been well established. We previously established a model for rat hyperalgesia after spinal cord compression injury. 5 Our method aims to model ischemia-induced hyperalgesia. When a 20-gweight is slowly placed on the thoracic spinal cord, almost complete ischemia can be achieved by minimum force. 17 In this study, we performed experiments to determine what durations of compression produce thermal hyperalgesia in the hind limbs of the rats. As a result, we found that compression for 20 min produces stable hyperalgesia in the hind limbs of the rats (Figure 3 ). In the sham animals, hyperalgesia was not detected at any point during the experimental period. Significant hyperalgesia was observed in SCI animals from the second to the fifth day after compression. 5 The withdrawal latency returned to normal on the following day after the compression procedure. The reason why longer compression periods did not produce hypersensitivity against thermal stimulation is still unclear. One possible explanation is that mild injury produced interruption of some descending signals, such as the serotonergic or noradrenagic inhibitory pathways, but higher damage interrupted both the ascending and descending sensory pathways. We might find an appropriate damage (20 g compression for approximately 20 min) that interrupt only descending inhibitory pathway. In the clinical field, it is well known that abnormal sensations, including, hyperalgesia or allodynia, were often observed in the patients with incomplete paraplesia after spinal cord damage. Our model resembles patients with incomplete paraplesia. We believe that our mild-compression-induced hyperalgesia model is useful for the evaluation of therapeutic agents for pain after SCI. Adenosine has been a candidate to be a therapeutic agent for neuropathic pain. Belfrage et al. 18, 19 tested the effect of systemic and intrathecal adenosine infusion on patients with chronic neuropathic pain. They showed that adenosine infusion alleviates spontaneous neuropathic pain, tactile allodynia and pin prick hyperalgesia in these patients. Adenosine exerts an effect as a cell modulator in influencing cells through several receptor-mediated effects. A1 and A2 receptors are found in the central nervous system associated with neurons as well as with glial cells. High-affinity A1 and A2a receptors are activated by nanomolar concentrations of adenosine. The A2 receptors are coupled to adenylcyclase, stimulating cAMP elevation that is inhibited by A1 receptors.
The functionally important regulation of membrane in channels seems to be the domain of A1 receptors. Activation of adenosine A1 receptor enhances K þ and Cl À conductance in neurons, leading to membrane hyperpolarization and postsynaptic reduction of neuronal Ca 2 þ influx through voltage-and N-methyl D-aspartate receptor-dependent channels. This counteracts, through synaptic and extrasynaptic receptors, nerve cell depolarization. 8 Li and Eisenach 20 reported that capsaicin-induced glutamate release from rat spinal synaptosomes was inhibited by adenosine and adenosine A1 receptor agonists. These studies suggest that the hyperpolarizing effect of adenosine can inhibit excitation of sensory nerves and ameliorate neuropathic pain at the spinal cord level. In the present study, we showed the anti-hyperalgesic effect of adenosine A1 agonist using our original pain model induced by spinal cord compression. Adenosine A1 receptor should be an attractive target of pain therapy for patients with spinal cord damage. When we consider the possibilities of clinical use, some ideas to achieve enhancement of adenosine signals emerges. One is simple application of adenosine A1 agonists in the spinal cord level similar to our present experiments. The other possibility is increase in extracellular adenosine concentration in the spinal cord. Adenosine is catabolized by adenosine deaminase and adenosine kinase. Therefore, the application of the inhibitors of such enzymes can increase adenosine concentration in the spinal cord. Moreover, released extracellular adenosine is re-uptaken into the cells. This reuptake mechanism inhibited extracellular adenosine signals. The adenosine reuptake inhibitor, such as propentofilline, 8 may enhance adenosine signals. These compounds that enhance stimulation of adenosine A1 receptors may provide an avenue for the development of novel therapeutic methods against neuropathic pain after SCI.
